Oxygen supplementation [hyperoxia, increased fraction of inspired oxygen (FiO 2 )] is an indispensable treatment in the intensive care unit for patients in respiratory failure. Like other treatments or drugs, hyperoxia has a riskbenefit profile that guides its clinical use. While hyperoxia is known to damage respiratory epithelium, it is unknown if damage can result in impaired capacity to generate cilia-driven fluid flow. Here, we demonstrate that quantifying cilia-driven fluid flow velocities in the sub-100 μm∕s regime (sub-0.25 in./min regime) reveals hyperoxia-mediated damage to the capacity of ciliated respiratory mucosa to generate directional flow. Flow quantification was performed using particle tracking velocimetry optical coherence tomography (PTV-OCT) in ex vivo mouse trachea. The ability of PTV-OCT to detect biomedically relevant flow perturbations in the sub-100 μm∕s regime was validated by quantifying temperature-and drug-mediated modulation of flow performance in ex vivo mouse trachea. Overall, PTV-OCT imaging of cilia-driven fluid flow in ex vivo mouse trachea is a powerful and straightforward approach for studying factors that modulate and damage mammalian respiratory ciliary physiology. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Quantifying hyperoxia-mediated damage to mammalian respiratory cilia-driven fluid flow using particle tracking velocimetry optical coherence tomography Oxygen supplementation [hyperoxia, increased fraction of inspired oxygen (FiO 2 )] is an indispensable treatment in the intensive care unit for patients in respiratory failure. In respiratory failure, decreased hemoglobin-oxygen saturation leads to decreased rates of end-organ oxygen delivery. Increased FiO 2 can increase hemoglobin-oxygen saturation that, in turn, increases the rate of oxygen delivery to end-organs. Supplemental oxygen is widely used in respiratory failure of various etiologies, including prematurity-associated lung disease 1, 2 to asthma 3 to chronic obstructive lung disease. 4 However, as with any other therapeutic intervention, hyperoxia has negative side effects. Increased oxygen levels lead to the creation of reactive oxygen species, that causes cellular damage. 1, 5, 6 Hyperoxia damages respiratory epithelial cells 5, 7 and may have significant impact on neonatal development. [8] [9] [10] [11] To date, the optimum dosage of oxygen for both adults 12, 13 and neonates 14 remains a topic of debate. One important aspect of the debate is that, while hyperoxia is known to be generally toxic to cells, the downstream physiological consequences of that toxicity are incompletely understood.
Although it is established that hyperoxia damages respiratory epithelia surfaces, there is limited research into the impact of hyperoxia on the net flow performance of respiratory ciliated surfaces. Since ciliated surfaces are responsible for clearing mucus from the lungs, oxygen-mediated damage to those surfaces may impair mucus clearance, an important line of defense against infection and harmful particulate matter. Very high levels of oxygen can lead to histologically evident changes in respiratory epithelium, such as deciliation, 15 and increased thickness of epithelium and smooth muscle layer. 16, 17 However, the consequences of those changes on directional flow rates at the ∼100 to 1000 μm size scale are not well understood. Sackner et al. 18 found a dose-and time-dependent inhibition of tracheal mucus flow in live dogs. Tracheal mucus flow rates were quantified through videobronchoscopic imaging of Teflon disk tracers. One potential drawback of an in vivo approach is a limited ability to uncouple the effects of hyperoxia on the performance of ciliated epithelium and the effects of hyperoxia on mucus itself. 19 Therefore, there are opportunities for optical imaging based flow diagnostics to improve our understanding of the sideeffects profile of hyperoxia, especially as it relates to cilia-driven fluid flow performance.
We previously demonstrated that cilia-driven fluid flow can be quantified using particle tracking velocimetry optical coherence tomography (PTV-OCT). 20,21 PTV-OCT is able to track particles in both transverse and axial directions. In contrast, traditional Doppler OCT is limited to axial velocimetry, which would fail to capture the predominantly transverse flow component of cilia-driven fluid flow. In previous publications, we demonstrated the feasibility of PTV-OCT 20 in the ∼100 to 1000 μm∕s flow velocity regime and recently demonstrated that the method is sensitive enough to quantify subtle variability in cilia-driven flow performance in Xenopus embryos. 21 In this study, we demonstrate that OCT-PTV is capable of imaging and quantifying cilia-driven fluid flow inside the lumen of ex vivo adolescent mouse tracheae. In order to quantify tracheal ciliadriven fluid flow in the sub-100 μm∕s regime, we refined our processing of PTV-OCT data. As a straightforward demonstration of the utility of PTV-OCT in mouse tracheal ciliary physiology, we quantified the temperature adenosine triphosphate (ATP) dependence of cilia-driven fluid flow. After validating of our approach in this relevant biological context, we next investigated the influence of sustained hyperoxia on the capacity of the tracheal epithelial surface to drive cilia-driven fluid flow. Our quantitative imaging results support the hypothesis that hyperoxia may be a significant modifier of cilia-driven fluid flow and mucus clearance. Figure 1 and Video 1 show a cross-sectional image and movie, respectively, of an ex vivo adolescent mouse trachea [postnatal day (PND) 21] with 5 μm polystyrene particle flow tracers seeded into the lumen. We used a Thorlabs Telesto OCT system (λ o ¼ 1300 nm). Tracheae were imaged in warmed phosphate-buffered saline (PBS). Prior to imaging, tracheae were flushed with PBS to remove mucus. The dorsal aspect of the tracheae was positioned at the top of the OCT image field of view. Here, the z axis is parallel to the optical axis and the x axis is nominally parallel to the cranial-caudal anatomic axis. In order to generate an estimate of the flow velocity vðx; zÞ ¼ v x ðx; zÞi þ v z ðx; zÞj, we performed two-dimensional, two-vector component velocimetry using PTV-OCT software from our group. 20 In short, the method uses a five-step algorithm to segment the images, identify individual particles, estimate the center-of-mass location of each particle, pair particles on sequential images, and estimate image-to-image displacement of the center-of-mass location of individual particles. Typical OCT imaging parameters were as follows: A-scan rate, 28 kHz; lateral imaging field of view, 3.5 mm; A-scans per image, 2048; frame rate, 13.7 Hz; images per acquisition session, 100. These typical parameters were occasionally adjusted to increase or decrease the frame rate in order to adequately capture particle displacements in samples that had notably faster or slower flow speeds, respectively.
Flow velocity summary statistics were generated by analyzing vðx; zÞ within a region of interest that was manually drawn within ∼100 μm of the dorsal luminal surface. Our primary summary statistic was average flow speed. Average flow speed estimates were generated by analyzing histograms of v x ðx; zÞ and v z ðx; zÞ. These histograms bin all measurements across x and z in the scalar component function over 100 frames (6 s acquisition period). A representative raw histogram of v x ðx; zÞ is shown in Fig. 1(b) . Our scalar vector-component histograms typically showed a larger than expected number of counts centered at zero velocity. We attributed these peaks at zero velocity to (1) misidentification of portions of the stationary trachea as particles that are not moving and (2) particles that become stuck to the tracheal wall. In order to account for these artifacts, we replaced the zero-velocity histogram bin with the average of the two neighboring bins [ Fig. 1(c) ]. Our processing also addresses three sources of uncertainty that influence histogram width: (1) spatial heterogeneity of flow speeds over the region of interest, (2) Brownian motion, and (3) measurement uncertainty (e.g., uncertainty in the centroiding process used in particle tracking and failure of particle matching in-between frames). Since the latter two factors are expected to be zero-mean processes, vector component values within the region of interest, v j;avg were estimated using v j;avg ¼ P i c ij n ij ∕ P i n ij . Here, j is the vector component direction (x or z), c i is the center value of the bin, and n i is the number of counts in the I'th bin. In this formulation of v j;avg , additive sources of zeromean noise should tend to zero. In contrast, calculating average speed values from m individual particle velocities v m ðx m ; z m Þ propagates the zero-mean noise forward when summing the squares of the vector components for each m'th particle (i.e., s 2 m ¼ v 2
x;m þ v 2 z;m ). Finally, our summary statistic of average speed s avg was then estimated using s 2 avg ¼ v 2
x;avg þ v 2 z;avg . As an initial validation of PTV-OCT to detect biomedically relevant flow perturbations in the sub-100 μm∕s regime, we quantified the temperature dependence of cilia-driven fluid flow velocity in mouse trachea. Average flow speeds were acquired from 12 mouse tracheae (Fig. 2) . Consistent with prior literature, 22 flow speeds increase as temperature increases from room to body temperature. Interestingly, after returning the temperature to a normal range of 36 to 38°C from febrile temperatures, flow velocities do not recover to baseline values for that temperature range. These results suggest that fever may impair Journal of Biomedical Optics 080505-2 August 2015 • Vol. 20 (8) flow performance even after fever has resolved. To provide additional validation of our PTV-OCT approach to detect biomedically relevant flow perturbations, we demonstrated pharmacological modulation of cilia-driven fluid flow in ex vivo adult mouse trachea. Exposure of adult tracheae (PND 42) to 100 μM concentration of ATP for 10 to 15 min leads to a statistically significant increase in flow velocity (n ¼ 10; Fig. 2 ). Since OCT was not able to image through the thicker adult tracheal wall, the tracheal tube was opened to expose the ciliated epithelium for these experiments.
To investigate the effect of hyperoxia on cilia-driven fluid flow performance, groups of wild-type C57B6 PND 21 mice were exposed to hyperoxia (FiO 2 ¼ 100%) for either 21 h (n ¼ 5) or 69 h (n ¼ 13). Animals were exposed to hyperoxia by placing them in an airtight Plexiglas chamber with matched atmospheric pressure and regulated oxygen amount to FiO 2 ¼ 100%. A control group of mice (n ¼ 12) was kept in normoxic conditions. All mouse work was approved by the Institutional Animal Care and Use Committee at the Yale Medical School. Cilia-driven fluid flow was measured using PTV-OCT ex vivo in excised tracheae kept at 36 to 38°C. There was a statistically significant difference between average flow speed between the 69 h hyperoxia group and the normoxic controls (39.7 versus 14 μm∕s, respectively; p ¼ 0.01). There was no statistical significant difference between the 21 h hyperoxia and the normoxic controls (27.7 versus 14 μm∕s, respectively; p ¼ 0.79). Using separate groups of mice, tracheae from four normoxic and seven 69 h hyperoxia-exposed mice underwent hematoxolyn and eosin (H&E) histopathological examination. There were subtle abnormal findings on three of the seven hyperoxia-exposed animals (Table 1 ). Five features of the trachea were assessed: ciliated epithelial cells, mucin granules, goblet cells, submucosal space, and tracheal cartilage. Unless noted in Table 1 , these features were normal in hyperoxia-exposed animals. One of the normoxic tracheae showed detachment of tracheal cells consistent with damage from tissue handing and preparation. Otherwise, the normoxic trachea appeared normal on H&E examination. In all, 69 h of 100% FiO 2 in PND 21 mice led to (1) subtle abnormal findings in a minority of trachea examined using H&E and (2) diminution but not elimination of ciliadriven fluid flow.
In sum, PTV-OCT imaging of ex vivo mouse tracheae is a powerful approach to quantitatively investigate novel factors that damage and modulate cilia-driven fluid flow in the sub-100 μm∕s regime (sub-0.25 in./min regime). We report the finding of hyperoxia-mediated damage to the capacity of a mammalian tracheal epithelium to generate fluid flows. We also report data suggesting flow impairment due to febrile temperatures may not reverse upon restoration of normal body temperature. We expect that the results presented here will lead to more detailed research into the mechanism and pharmacological treatment (e. g., ATP) of cilia-driven flow reduction caused by common clinical interventions and exposures. Table 1 Summary of subtle histopathological findings in hyperoxiaexposed trachea.
Ciliated epithelial cells Mucin granules Goblet cells
Hyperoxia #1 Focal loss of cilia with mildly abnormal cells
Mild increase Normal
Hyperoxia #2 Normal Mild increase Normal Hyperoxia #3 Normal Mild increase Mild increase Note: Three of seven hyperoxia-exposed animals had abnormal findings by at least one criteria.
